The probiotic effects of Lactobacillus rhamnosus strain CF (Chen Fu) on growth performance, meat quality, and microenvironment in specific pathogen-free (SPF) chickens were investigated and compared with Enterococcus faecium. One-hundredeighty 7-day-old SPF chickens were randomly assigned into 3 groups with 3 replicate pens of 20 chickens each. Group 1 served as a control that was fed a basal diet without probiotics supplementation. Groups 2 and 3 were fed the basal diet supplemented with L. rhamnosus CF and E. faecium, respectively. On d 12 and 24, BW, ADG, feed conversion ratio (FCR), dressing percentage (DP), and apparent digestibility of crude protein (AD-CP) were calculated. Meat color, fat content, shear force, water content, and pH value of breast and thigh muscles; ammonia, urea nitrogen, and uric acid content in plasma; pH value, Enterococcus, Lactobacillus, and E. coli in ceca; and ammonia emission were determined. Compared with group 1, group 2 exhibited higher BW, ADG, AD-CP, DP, cecal Lactobacilli, and muscle fat content (P < 0.05) as well as lower FCR, muscle water content, plasma ammonia, pH value, E. coli, and Enterococcus in ceca, and ammonia emission (P < 0.05), and group 3 exhibited higher BW, ADG, AD-CP, DP, and muscle fat content (P < 0.05), as well as lower FCR, meat color, plasma ammonia, E. coli and Enterococcus in ceca, and ammonia emission (d 24) (P < 0.05). Compared with group 3, group 2 exhibited lower plasma ammonia level, E. coli, and pH value in ceca and ammonia emission (P < 0.05) and higher AD-CP, meat color, pH value in thigh muscles, fat content in breast muscles, and number of Lactobacillus in ceca (P < 0.05). Thus, L. rhamnosus CF improves growth performance, meat quality, and microenvironment and is a potential probiotic additive in chickens.
INTRODUCTION
The Lactobacillus genus of the Lactobacilliaceae family is so named because it ferments carbohydrates to produce a large amount of lactic acid. They are widely distributed in nature and are normal physiological inhabitants in the gastrointestinal tract of humans and animals (Mao et al., 2016) . Increasing evidence indicates that Lactobacillus strains have beneficial effects by a variety of complementary mechanisms, including an ability to modulate host immune function, high adhesion capacity, high antimicrobial activity against pathogens, and high resistance against gastric acidity (Naqid et al., 2015; Sugiharto et al., 2015; Xie et al., 2015) . Lactobacillis rhamnosus was originally isolated by Glodin and Gorbach from healthy adult feces. It has C 2017 Poultry Science Association Inc. Received August 25, 2016. Accepted September 9, 2017. 1 Corresponding author: qinshunyi@163.com good resistance to acid and bile (Goldin et al., 1992; Alander et al., 1999) , produces antimicrobial substances (Toki et al., 2009) , and reduces aflatoxin B1 transport, metabolism, and toxicity (Gratz et al., 2007) . It also can be used to treat a variety of gastrointestinal infections and disorders, including pouchitis, traveler's diarrhea, antibiotic-associated diarrhea, and acute infectious diarrhea (Reid et al., 2003) . Therefore, L. rhamnosus is regarded as a safe probiotic strain.
To date, little information has been published regarding other L. rhamnosus strains isolated from animals (Jacouton et al., 2015; Wu et al., 2015) , although some studies have demonstrated that this bacterium survives intestinal transit in many animals (Zhang et al., 2010; Trevisi et al., 2011; Chen et al., 2016) . Few studies have reported the bioavailability and biological activity of animal-originated L. rhamnosus strains (Succi et al., 2005) . Recently, L. rhamnosus CF (Chen Fu) strain (LR-CF) and Enterococcus faecium, which produce lactic acid, were isolated from chickens and identified by sequence analysis of 16S rDNA (Kong et al., 2014) .
The question was therefore raised as to whether the presence of LR-CF could exert beneficial effects on animals, especially on poultry. The aim of the present study was to compare the effects of LR-CF and E. faecium supplementation on growth performance, meat quality, ammonia nitrogen level, and intestinal microflora in specific pathogen-free (SPF) chickens.
MATERIALS AND METHODS

Bacteria
LR-CF and E. faecium were isolated from chickens and identified by sequence and phylogenetic analysis of 16S rDNA (Kong et al., 2014) . The freeze-dried bacterial powder containing 10 10 cfu/g was prepared and stored in sterile tubes at 4
• C until used.
Experimental Housing and Management of SPF Chickens
The feeding experiment was carried out at the Laboratory Animal Centre, Qingdao Agricultural University, and all experimental protocols were approved by the Institutional Animal Care and Use Committee of Qingdao Agricultural University, China. A total of 180 7-day-old SPF male chickens (White Leghorns) with an initial BW of 43.5 ± 2.2 g was purchased from the Institute of Animal Husbandry and Veterinary Medicine, Shandong Academy of Agricultural Sciences, and randomly allocated to 3 experimental treatments with 3 replicate pens, and each replication contained 20 chickens. Group 1 served as a control that was fed a basal diet without probiotic supplementation, and groups 2 and 3 were fed the basal diet supplemented with LR-CF and E. faecium at 2 × 10 8 cfu/g, respectively. The basal diet was a corn-soybean meal-based diet, which was formulated to approximately meet the nutrient requirements for chickens (NRC, 1994) . The basal diet formulation and approximate composition are shown in Table 1 . During the experiment, chickens were housed in a closed and ventilated building and provided with continuous light. Room temperature was controlled at 32 to 34
• C for the first 3 d, and then gradually reduced by 3
• C/wk until reaching 24
• C and maintained for the remainder of the experiment. Over the entire experimental period of 24 d, water and feed were provided ad libitum.
On d 
Fecal Samples
All the feces in each pen were collected daily and stored in a polyethylene bag at −20
• C to determine the apparent digestibility of crude protein (AD-CP). The crude protein in feed and feces was analyzed with the AOAC Official Method (991.20) (Thiex et al., 2002) . AD-CP was calculated with the following formula: AD-CP (%) = [(Protein in feed − Protein in feces)]/Protein in feed × 100%. On d 12 and 24, ammonia content released from feces was detected by Nessler's reagent colorimetry.
Plasma Samples
On d 24, blood samples were drawn from the heart and centrifuged at 3,000 × g for 15 min, and plasma was collected and stored at −20
• C for determination of ammonia, uric acid, and urea nitrogen, which were analyzed using the blood Ammonia Assay Kit (glutamate dehydrogenase colorimetric method), Urea Assay Kit (urea enzyme colorimetric method), and Uric Acid Test Kit (uric acid enzyme colorimetric method) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Cecal Samples
Ten chickens in each replicate were randomly selected, and the ceca were removed for measuring pH value and the numbers of Escherichia coli, Enterococcus, and Lactobacillus. The cecal contents of each chicken were thoroughly mixed in a 50-mL plastic centrifuge tube, and pH value was measured using a digital pH meter with a 1.5-mm microelectrode (PHS-3C; Shanghai REX Instrument Factory, Shanghai, China). The cecal content was diluted 10 6 to 10 7 times with PBS (pH 7.4) by the multiple dilution method. Then, 1.0-mL aliquots were spread into eosin methylene blue agar, bile aesculin azide agar or Lactobacillus selection agar plates, and incubated for 24 48 h at 37
• C. Colonies were counted, and the results were expressed as absolute numbers of cfu. The experiments were performed in triplicate, and the average values were calculated.
Organ and Meat Samples
On d 24, all chickens were euthanized with dimethyl ether. Carcass weight was measured after defeathering to determine the dressing percentage (DP). Heads, feet, and organs were removed and weighed to determine the eviscerated yield percentage (EYP) and half-eviscerated yield percentage (HEYP). Breast and thigh muscles were removed and weighed to determine the breast muscle percentage (BMP) and thigh muscle percentage (TMP). Then, they were placed into a polyethylene bag and stored at 4
• C for detecting meat color, shear force, fat content, water content, and pH value within 24 hours. Meat color was evaluated by measuring total pigment content; pH value of muscle was measured by a digital pH meter (PH-STAR, Matthaus, Eckelsheim, Germany); shear force was measured by a digital muscle tenderness meter (C-LM3, Tenovo International, Beijing, China); water content was measured by the drying method; and fat content was measured by the Soxhlet extractor method (Thiex et al., 2003) .
Statistical Analysis
All data were expressed as means ± SD and analyzed using one-way ANOVA to compare means and the multivariate analysis of the GLM procedure of the IBM SPSS for Windows version 22.0 (SPSS, Chicago, IL). The least significant difference (LSD) and Dunnett's T3 tests were used to determine differences between means. The pen was defined as the experimental unit for statistical analysis, and all calculations were generated based on pen averages. Differences were considered as significant at P < 0.05 for all tests.
RESULTS
As compared with the controls, LR-CF supplementation significantly increased BW, ADG, DP, HEYP, and AD-CP, and decreased FCR (P < 0.05) ( Table 2) , and E. faecium supplementation significantly increased BW, ADG, DP, AD-CP, EYP, HEYP, TMP, and BMP, and decreased FCR (P < 0.05). As compared with E. faecium supplementation, LR-CF supplementation significantly increased AD-CP, and decreased EYP and BMP (P < 0.05).
As compared with the controls, LR-CF supplementation significantly increased fat content and pH value of thigh muscles, and color and fat content of breast muscles (P < 0.05), and decreased water content in thigh and breast muscles (P < 0.05), and E. faecium supplementation significantly increased fat content in thigh and breast muscles (P < 0.05) and decreased color and water content of thigh muscles and color of breast muscles (P < 0.05) ( Table 3) . As compared with E. faecium supplementation, LR-CF supplementation significantly increased color, shear force, and pH value of thigh muscles, and color and fat content of breast muscles (P < 0.05).
As compared with the controls, LR-CF supplementation significantly decreased plasma ammonia content, the numbers of E. coli and Enterococcus and pH value in ceca, and ammonia emission on d 12 and d 24 (P < 0.05), and increased the number of Lactobacillus in ceca (P < 0.05), and E. faecium supplementation significantly increased the numbers of Lactobacillus in ceca (P < 0.05) and decreased plasma ammonia content, the numbers of E. coli and Enterococcus in ceca and ammonia emission on d 24 (Table 4) . As compared with E. faecium supplementation, LR-CF supplementation significantly decreased plasma ammonia content, the numbers of E. coli and pH value in ceca, and ammonia emission on d 12 and 24, and increased the number of Lactobacillus and Enterococcus in ceca (P < 0.05).
DISCUSSION
LR-CF supplementation improved growth performance by increasing BW, ADG, AD-CP, DP, and HEYP, and decreasing FCR, which was consistent with the previous studies of Lactobacillus, including Lactobacillus plantarum ZJ316 in pigs (Suo et al., 2012) , L. rhamnosus GG in tilapias (Pirarat et al., 2015) , and L. plantarum B1 in broilers (Peng et al., 2015) . However, Lähteinen et al. (2014) reported that Lactobacillus brevis supplementation induced a non-significant increase in BW of piglets. Many factors may contribute to the different performances, including the bacterial species and dosage, laboratory animals, and experimental conditions. We considered that LR-CF and the experimental animals may have been the main reasons. Moreover, the average BW of SPF chickens fed the diets supplemented with LR-CF and E. faecium on d 24 was 250 to 256 g, which was similar to the standard BW expected for White Leghorn pullets at 28 d of age (234 to 260 g) (Leeson and Summers, 1997) ; but, the average BW of SPF chickens in the control group on d 24 was 213 g, which was less than the expected standard BW. We considered that these differences may be attributed to the energy level of diets. In this study, the energy level of the basal diets was 11.9 MJ/kg, which was different from those of the standard diets (11.1 to 14.7 MJ/kg). LR-CF and E. faecium supplementations increased the efficiency of feed utilization (FCR and AD-CP) compared with the control group and resulted in the expected performance of SPF chickens. LR-CF supplementation significantly improved the in vivo microenvironment by increasing the number of Lactobacillus and decreasing the pH value and numbers of E. coli and Enterococcus in ceca. Similarly, many studies have demonstrated that Lactobacillus strains have a potential effect on the modulation of intestinal defense function and pathogen inhibition (JohnsonHenry et al., 2008; Zhang et al., 2010; Mao et al., 2016) . In this study, LR-CF was a lactic-acid-producing bacterium isolated from chickens that decreased pH value in ceca and improved the intestinal microenvironment, which became unsuitable for the activity and proliferation of pathogens such as E. coli, but suitable for Lactobacillus. Furthermore, LR-CF might secrete other antimicrobial compounds, such as organic acids, hydrogen peroxide, or bacteriocins, which might also have a potential modulating effect on the intestinal microflora and pathogen inhibition.
LR-CF supplementation significantly reduced the ammonia level in plasma and ammonia emission. Nowadays, ammonia has become a major pollutant contributing to manure malodor. Therefore, it is important to find ways of reducing and controlling ammonia emission in feces. Most of the past studies on controlling ammonia nitrogen emission have been focused on Lactobacillus and Bacillus, and few studies have reported the effects of L. rhamnosus on ammonia emission (Biagi et al., 2007; Ahmed et al., 2014; Jeong and Kim 2014) . Although LR-CF supplementation can increase AD-CP and improve the intestinal flora, which might be one of the reasons for reducing ammonia emission, we do not know whether LR-CF utilizes ammonia in vitro. Therefore, an experiment was conducted to verify the in vitro effect of LR-CF on ammonia ( Figure  1 ), which showed that LR-CF significantly decreased the level of ionic ammonia in media containing ammonium chloride (P < 0.05). So, we considered that LR-CF had a capacity for ammonia nitrogen fixation, and then enhanced the ammonia nitrogen transformation in vitro. Further study is needed to elucidate other possible mechanisms of reducing ammonia emission.
LR-CF supplementation improved meat quality by increasing fat content in thigh and breast muscles and color of breast muscles, and decreasing water content in thigh and breast muscles. Similarly, Suo et al. (2012) reported that L. plantarum ZJ316 also improved pork quality, including hardness, stickiness, chewiness, gumminess, and restoring force. Other experiments reporting Lactobacillus as a probiotic improving meat quality are rare, especially L. rhamnosus. Many reports demonstrated the potential effects of other probiotics on meat quality, and the results showed several different indicators of the effects of probiotics on meat quality (Zhou et al., 2010; Suo et al., 2012; Park and Kim, 2014; Zheng et al., 2014; Zhang et al., 2015) . Until now, the mechanism of action of probiotics (especially Lactobacillus) on meat quality (color, fat content, and water content in our study) remains unclear, although some investigators have attributed the effects of probiotics on meat quality (especially meat color and fat content) to the role of bacteriocins or extract (Zheng et al., 2014) . Probiotics supplementation increases net energy of the diet, and more energy is available for fat deposition. This may be another reason to explain why probiotics supplementation increases fat content and decreases water content in muscles. We conclude that further study of the effect of LR-CF on meat quality is required.
E. faecium supplementation increased growth performance, meat quality, ammonia emission, and numbers of Lactobacillus and Enterococcus in ceca, and decreased plasma ammonia content and number of E. coli in ceca, which is similar to previous findings (Luo et al., 2013; Pajarillo et al., 2015) . Compared with E. faecium, LR-CF supplementation exhibited lower plasma ammonia content, pH value and number of E. coli in ceca, and ammonia emission, and higher AD-CP, meat color, and number of Lactobacillus in ceca, which showed that the positive effect of LR-CF supplementation was better than that of E. faecium. We considered the following reason: L. rhamnosus might produce more effective prebiotic substances than E. faecium produces, and their biological functions might be better than those of E. faecium.
In conclusion, the present results demonstrate that L. rhamnosus CF improves growth performance, meat quality, ammonia emission, and intestinal microflora in chickens, and its probiotic effects are better than those of E. faecium. Thus, LR-CF is a potential probiotic additive for chickens.
